Cancer is a highly variable disease with multiple heterogeneous genetic and epigenetic changes. Functional studies are essential to understanding the complexity and polymorphisms of cancer. The final deciphering of the complete human genome, together with the improvement of high throughput technologies, is causing a fundamental transformation in cancer research. Microarray is a new powerful tool for studying the molecular basis of interactions on a scale that is impossible using conventional analysis. This technique makes it possible to examine the expression of thousands of genes simultaneously. This technology promises to lead to improvements in developing rational approaches to therapy as well as to improvements in cancer diagnosis and prognosis, assuring its entry into clinical practice in specialist centers and hospitals within the next few years. Predicting who will develop cancer and how this disease will behave and respond to therapy after diagnosis will be one of the potential benefits of this technology within the next decade. In this review, we highlight some of the recent developments and results in microarray technology in cancer research, discuss potentially problematic areas associated with it, describe the eventual use of microarray technology for clinical applications and comment on future trends and issues.
Introduction
In April of this year, we witnessed one of the most monumental achievements in biology: the complete sequencing of the human genome. The decoding and database deposition of billions of bases of sequence is the starting point of postsequence functional genomics. The discovery of the Periodic Table had an important impact on chemistry. So too, the complete deciphering of the human genome will have impressive effects on human health and quality of life. Currently, we understand the function of only a limited number of human genes. To study all human genes function is a technological challenge. To face this challenge, new high-throughput tools have been developed. The microarray assay is a powerful molecular technology that allows the simultaneous study of the expression of thousands of genes or their RNA products, giving an accurate picture of gene expression in the cell or the sample at the time of the study.
For example, the expression of all the genes for drug resistance and metabolism or all the known oncogenes in a cell can be detected and measured in the same timeframe Collins, 1999; Lander, 1999) . The microarray can be defined as an ordered collection of microspots (the probes), each spot containing a single species of a nucleic acid and representing the genes of interest. This technology is based on hybridization between labeled free targets derived from a biological sample and an array of many DNA probes that are immobilized on a matrix (Southern et al., 1999) . The targets are produced by reverse transcription and the simultaneous labeling of RNA extracts from a biological sample hybridized with DNA fragment probes. The hybridization signal produced on each probe is the mRNA expression level of the corresponding gene in the sample at the time of the study. The signals are detected, quantified, integrated and normalized with dedicated software and reflect the 'gene expression profile' or 'molecular portrait' for each biological sample.
Many thousands or tens of thousands of distinct spots can be printed on a silicon or glass slide or a nylon solidstate base. There are mainly two variants of microarrays: cDNA and oligonucleotide microarrays (Schena et al., 1995 (Schena et al., , 1996 Lockhart et al., 1996) . Although both types of microarray are used to analyse gene expression patterns, these variants are fundamentally different (Lipshutz et al., 1999) . In cDNA microarrays, relatively long DNA molecules are immobilized on a solid surface. This type of microarray is mostly used for large-scale screening and expression studies. The oligonucleotide microarray is fabricated by in situ light-directed chemical synthesis or by conventional synthesis followed by immobilization on a glass matrix. This microarray is used for detection of mutations, gene mapping and expression studies and allows for the differential detection of gene family members or alternative transcripts that are not distinguishable by cDNA microarrays.
The chemistry of the microarray in itself is not new, since hybridization technology has been well established for decades. However, the simultaneous study of thousands of genes transforms the microarray technique into a powerful whole system analytical tool. Almost 10 years have passed since the first microarrays were created, and yet this technology is still improving and advancing. Since its initial introduction, the number of microarray applications has expanded (Figure 1 ). Starting from their use in gene screening and target identification, this technology is finding new applications such as developmental biology, disease classification, pathway studies, drug discovery and toxicology. The technology involved in the production and use of the microarray is beyond the scope of this review, but has been extensively reviewed elsewhere (Schena et al., 1995; Niemeyer and Blohm, 1999; Bowtell, 1999; Brown and Botstein, 1999; Celis et al., 2000; Cheung et al., 1999; Duggan et al., 1999; Graves, 1999; Khan et al., 1999; Hegde et al., 2000; Meldrum, 2000) . We describe here some of the recent developments and results in microarray technology in cancer research, discuss potential problems, describe clinical applications and comment on the future of this technology.
The importance of measuring global gene expression in human cancers
Characterizing the population of transcribed genes has led to the creation of a new term, the transcriptome . This concept defines the complete set of transcribed genes expressed as messenger RNAs for a particular species. The transcriptome, therefore, represents the universe of RNA messengers that may code for proteins. Only approximately 5% of genes are active in a particular cell at any given point in time. Most of the genes are repressed, and this control may occur at either the transcriptional or the translational level. Since the regulation of protein expression at the level of transcription is more efficient, most control takes place at this level. The gene expression profile of a cell determines its function, phenotype and response to external stimuli. Therefore, gene expression profiles can help to elucidate cellular functions, biochemical pathways and regulatory mechanisms. In addition, gene expression profiles of disease cells/tissues, compared with normal controls, may promote the understanding of disease pathology and identify new therapeutic points of intervention, improving diagnosis and clarifying prognosis.
During the past few years, several gene expression profiling methods have emerged and have been applied successfully to cancer research. These include differential display, serial analysis of gene expression and microarrays (Velculescu et al., 1995; Granjeaud et al., 1999; Cheng et al., 2002) . The microarrays have become important because they are easier to use, do not require large-scale DNA sequencing and allow the parallel quantification of thousands of genes from multiple samples. Gene expression profiling of cancers represents the largest category of research using microarray technology and appears to be the most comprehensive approach to characterize cancer molecularly. Although the cancer phenotype is only partially determined by its transcriptome, it still provides a clear picture of a cell's physiological state. The power of this approach has been demonstrated in studies performed on an extensive variety of malignancies, including cancers of the breast, head and neck, liver, lung, ovary, pancreas, prostate and stomach (Bhattacharjee et al., 2001; Dhanasekaran et al., 2001; Garber et al., 2001; Tonin et al., 2001; Al Moustafa et al., 2002; Belbin et al., 2002; Chen et al., 2002; Han et al., 2002; Hedenfalk et al., 2002; Hippo et al., 2002; Luo et al., 2002a) .
Several studies of cancer profiling by microarray analysis have used different strategies such as tumor versus control, in which the tumor gene expression profile is compared with its corresponding control sample in order to measure the differences and similarities between both phenotypes, cancer stratification, in which the gene expression profiles from different samples of the same cancer type are compared to reveal distinct subgroups to better define molecular classification of a common histological type of cancer, and finally temporal evaluation of the tumor, in which the gene expression patterns from tumor samples derived from different stages of progression are compared to elucidate the differences between the early and advanced stages of the disease. Although many studies of microarray analysis in human disease have been published, we present here some of those having a clinical interest for oncology.
Microarray and prostate cancer
Several studies using microarrays to characterize prostate cancer gene expression profiles have recently been published. These studies have used microarray technology as a gene discovery tool to identify genetic markers that discriminate between normal and cancerous prostate tissues. A simple microarray study has been performed using spotted membrane arrays to analyse normal and cancerous tissues and cell lines (Bull et al., 2001) . Membrane microarray findings are limited by the (Dhanasekaran et al., 2001; Luo et al., 2001 Luo et al., , 2002b Welsh et al., 2001a; Singh et al., 2002) . Dhanasekaran et al. (2001) were able to distinguish normal prostate, benign prostatic hyperplasia (BPH), localized prostate cancer and metastatic prostate cancer samples using 9,984 element-spotted microarrays. Using hierarchical clustering analysis, Luo et al. (2001) were able to discriminate 16 prostate cancer samples from nine BPH specimens on the basis of differences in gene expression profiles as measured on 6,500 element-spotted cDNA microarrays. Welsh et al. (2001a) reported a similar sorting of normal and malignant prostate tissue samples using oligonucleotide microarrays. Interestingly, all the five groups identified the transmembrane serine protease hepsin as displaying significantly increased expression in malignant tissues as compared with that of normal prostate tissue (Dhanasekaran et al., 2001; Luo et al., 2001 Luo et al., , 2002b Welsh et al., 2001a; Singh et al., 2002) . Many other candidate markers of prostate cancer such as the proto-oncogene PIM1 have emerged from other studies and are being further investigated as potential diagnostic markers. The diminished PIM1 expression on the immunohistochemistry of prostate tumor samples conferred an increased risk of recurrence after surgery (Dhanasekaran et al., 2001) . Other groups using combinations of subtractive hybridization and microarray analysis have identified several potential candidates for prostate cancer immunomodulatory therapy including prostein , STEAP (Hubert et al., 1999) and p504S/Alpha-MethylacylCoA-Racemase (Jiang et al., 2001) . In a very recent study, Virolle et al. (2003) used a prostate cancer cell line that expresses a high constitutive level of Egr1 protein, a transcription factor overexpressed in the majority of aggressive tumorigenic prostate cancer cells. They assessed Egr1 transcriptional regulation, by performing an oligonucleotide microarray analysis using cells rendered deficient in Egr1 as the comparison sample for the identification of Egr1 target genes. For the first time in prostate tissues, this study confirmed the growthenhancer role of Egr1 previously observed in other cellular systems, and identified several new target genes specifically controlling growth, cell cycle progression and apoptotic pathways.
Microarray and oral cancer
To date, only a few microarray studies relevant to oral cancer have been published. Chang et al. (1998) illustrated the use of cDNA microarrays to characterize transformation-related genes in oral cancer. Villaret et al. used a combination of complementary DNA subtraction and microarray analysis to evaluate unique genes specific for squamous cell carcinoma of the head and neck (HNSCC) as potential tumor markers and vaccine candidates. Nine known genes were found to be significantly overexpressed in HNSCC as compared to normal tissue. In addition, four novel genes were overexpressed in a subset of tumors (Villaret et al., 2000) . Alevizos et al. (2001) analysed the transcriptome in oral cavity squamous cell carcinoma. They found about 600 candidate genes (oncogenes, tumor suppressors, transcription factors, differentiation markers, metastatic proteins and xenobiotic enzymes) that were differentially expressed in oral cancer, validating only three of these genes by PCR. Lu et al. (2001) used the microarray approach to evaluate gene expression profile changes during the initiation and progression of squamous cell carcinoma of the esophagus. They examined gene expression profiles in different stages of the initiation and progression of esophageal cancer in order to identify genes differentially expressed between these stages. Frierson et al. (2002) used oligonucleotide microarray analysis to study the expression of 8,920 different human genes in 15 adenoid cystic carcinomas (ACCs), one ACC cell line and five normal major salivary glands. Among genes with altered expression in ACC were those encoding the transcription factors SOX4 and AP-2 gamma, casein kinase 1 as well as epsilon and frizzled-7, both of which are members of the Wnt/beta-catenin signaling pathway. In a very recent study, Leethanakul et al. (2003) generated high-complexity cDNA libraries from laser capture microdissected normal and cancerous squamous epithelium. In this study, the authors surveyed the available sequence information using bioinformatic tools and identified 168 novel genes differentially expressed in normal and malignant epithelium. Moreover, using cDNA arrays, they obtained evidence that a subset of these new genes might be highly expressed in HNSCC.
Microarray and breast cancer
Given the clinical heterogeneity of breast cancer, microarray technology may be an ideal instrument to establish a more accurate classification. Initial studies using microarray-based expression profiling demonstrated its ability to correctly classify estrogen receptor-negative and estrogen receptor-positive breast cancers (Perou et al., 2000; West et al., 2001) and to differentiate BRCA1-related tumors from BRCA2-related and sporadic tumors (Hedenfalk et al., 2001; van't Veer et al., 2002) .
The study of van't Veer et al. has been one of the most extensive and informative studies performed to date. The authors examined 117 primary breast samples by microarray-based gene expression profiling to develop prognostic profiles and compare these with known prognostic markers in breast cancer. Out of the 5,000 genes with variable expression profiles, 70 were identified for optimal accuracy in predicting recurrent disease. Using this classification, the authors correctly predicted the actual outcome of disease for 65 out of the 78 patients. Five patients with good prognosis and eight patients with poor prognosis were incorrectly assigned. Standard prognostic markers in breast cancer were used to estimate the risk of cancer recurrence and help to make decisions about adjuvant therapy. Unfortunately, current prognostic markers do not adequately identify the most correct therapy for the patient. The predictive power of the microarray approach is much greater than that of currently used approaches, but it needs to be validated in more prospective clinical studies. If the prognostic value of this approach was confirmed, the expression-profiling classifier would result in about a four-fold decrease in patients receiving adjuvant therapy unnecessarily (Caldas and Aparicio, 2002) . Martin et al. (2001) described a method of identifying circulating breast cancer by a two-step process of differential display and high-sensitivity array-based expression profiling. Even if the potential of this technique is promising, its sensitivity and specificity still need to be improved and more work is required to determine the clinical significance of gene expression profile detection in the peripheral blood. Some articles have now demonstrated a link between tumor expression profiles using microarray technology and clinical outcome. For example, Sorlie et al. (2001) demonstrated that tumor subclasses defined by expression profiling can predict disease-free and overall survival, and Sotiriou et al. (2002) showed that pretreatment expression profiles predicted clinical response to chemotherapy in a small sample of breast tumors. Although the study of Sorlie et al. was very provocative, the authors did not compare the prognostic value of the groups identified by hierarchical clustering with currently used prognostic factors in breast cancer. Since drug resistance in cancer is a major obstacle to successful chemotherapy, the feasibility of obtaining a potential molecular profile or fingerprint of anticancer drugs in cancer cells by microarray technology is critical to predict chemotherapy response. Kudoh et al. (2000) demonstrated this ability to define changes in gene expression profiles in a breast cancer cell line treated with chemotherapy. They monitored the expression profiles of MCF-7 breast cancer cells that were either transiently treated with doxorubicin or selected for resistance to doxorubicin. This study showed that transient treatment with doxorubicin altered the expression of a diverse group of genes in a time-dependent manner.
Microarray and ovarian cancer
Over the past few years, several investigators have published interesting studies regarding expression profiling of ovarian cancers. Martoglio et al. (2000) analysed the gene expression profiles of five normal ovaries and four poorly differentiated serous papillary ovarian adenocarcinoma samples. Using a small 'inhouse' nylon membrane cDNA microarray, they found an overall increase in angiogenesis-related markers (e.g. angiopoietin-1, VEGF), apoptotic and neoplastic markers, immune response mediators and novel potential markers of ovarian cancer (e.g. cofilin, moesin and neuron-restrictive silencer factor protein) in the cancer tissue. The study was intriguing because they used a low-cost cDNA array tailored for studies of specific pathways, such as angiogenesis and tumorigenesis. Since it is problematic to access an adequate quantity of early ovarian tumor tissue, the researchers used different strategies to circumvent the need of tissue amounts typically required by microarray analysis. For example, Ismail et al. (2000) reported a study of 864 DNA elements screened against 10 ovarian cancer cells lines and five normal epithelial cell lines using short-term cell culture to expand the ovarian surface epithelium before RNA extraction. Other investigators purified ovarian epithelium by in vitro procedures, such as adherence to glass or immunomagnetic enrichment (Ono et al., 2000; Welsh et al., 2001b) . However, these two approaches may introduce biases in observed gene expression. In fact, the first approach (Ismail et al., 2000) uses cultured cancer cells, which may not reflect in vivo cancers because of the possibility of secondary gene expression changes occurring in vitro as a result of culture conditions. The second strategy (Ono et al., 2000; Welsh et al., 2001b ) is very long and may result in the degradation of less stable RNA messengers. To avoid possible biases inherent in in vitro cultures used in some studies (Ismail et al., 2000; Matei et al., 2002) , other investigators have studied gene expression patterns directly from surgically resected tumors (Shridhar et al., 2001) . Small, specialized microarrays have several practical advantages and can reveal information that may be lost in larger microarrays. Sawiris et al. (2002) used a highly specialized cDNA microarray named 'Ovachip', and found this microarray extremely sensitive at differentiating ovarian cancer from colon cancer based on gene expression patterns. Screening biomarkers for ovarian cancer are very important because of the late stage at diagnosis and poor survival associated with this type of cancer. Recently, two studies used microarray technology to identify two overexpressed potential ovarian cancer serum markers called osteopontin and prostasin, and reported preliminary validation of their use for the early detection of the disease (Mok et al., 2001; Kim et al., 2002) .
Microarray and other cancers
The application of microarray technology to other human cancers is rapidly expanding. The pioneering study of Golub et al. (1999) demonstrated the possibility to distinguish acute myeloid leukemia and acute lymphoblastic leukemia (ALL) based on gene expression monitoring and how, in a simulated situation 'blinded' to the histological diagnosis, the two classes could have been discovered by the gene expression patterns alone. Alizadeh et al. (2000) identified the two forms of diffuse large B-cell lymphoma (DLBCL) on the basis of gene expression profiles that are indicative of different stages of B-cell differentiation. Interestingly, this molecular classification has prognostic value independent of stratification by the usual clinical grading. To study gene expression in lymphoid malignancies, a large collaborative group created a specialized microarray, named 'Lymphochip', which is enriched in genes that are selectively expressed in lymphocytes and in genes regulating lymphocyte function (Alizadeh et al., 1999) . This group used this microarray to examine DLBCL and found two molecularly different forms of this tumor. Furthermore, they demonstrated that the DLBCL subgroups defined a subgroup of patients with a distinct clinical prognosis. To test the hypothesis that B-cell chronic lymphocytic leukemia (CLL) is more than one disease, Rosenwald et al. (2001) related the gene expression patterns of CLL to their Ig mutational status and to other types of normal and malignant B cells. Interestingly, the genes identified as highly expressed in CLL compared to DLBCL were expressed equivalently in all CLL samples regardless of their Ig mutational status. This study suggested that all CLL cases shared a common mechanism of transformation and/or cell of origin. A recent study (Stratowa et al., 2001) has proposed a list of potential new prognostic markers involved in lymphocyte trafficking and associated with disease staging and/or patient survival.
In a very recent study, Gariboldi et al. (2003) analysed the gene expression profiles in the normal tissue of skin tumor-susceptible and -resistant mice in order to identify genes that play a functional role in genetic susceptibility. This study has suggested a role of Scca2 gene, a member of the serine protease inhibitor superfamily, in the genetic predisposition to skin tumors.
Microarray technology has also been used in analysing melanoma . This study suggested that gene expression profiles within an individual patient's tissue may be remarkably conserved over time and that global transcript analysis can identify unrecognized subtypes of cutaneous melanoma and predict experimentally verifiable phenotypical characteristics.
Studies on colon cancer cells and tissues demonstrated significant suppression of the kinase gene, WEE1Hu (Backert et al., 1999) .
Many transcriptomes change after specific overexpression of tumor-related genes. For example, we have utilized an adenovirus-mediated expression system of the RB2/p130 tumor-suppressor gene in a non-small lung cancer cell line in order to identify specific genes that are regulated by pRb2/p130 (Russo et al., 2003) . Our microarray results have identified a variety of genes involved in many cellular processes including cell division, cell signaling/cell communication, cell structure/motility and gene expression and metabolism. These results suggest new potential therapeutic biomarkers in lung carcinoma. Furthermore, the results of another cDNA microarray study indicate that the overexpression of the tumor-suppressor gene PTEN may inhibit lung cancer invasion by downregulating a panel of genes (Hong et al., 2000) . In the light of the above data, it is clear that the microarray approach is very important in the analysis of a variety of tumor types.
Microarray-derived technologies and cancer
Besides DNA microarray, other array-based technologies have been developed. Here we review two of them, tissue microarray and proteome microarray, and their applications in cancer research.
Tissue microarray
Using this technology, small tissue cylinders are acquired from hundreds of formalin-fixed tissues and are arrayed at a high density to form a single paraffin block. Typical tissue microarrays contain up to 1,000 tissue specimens, and they are used for simultaneous in situ analysis of DNA, RNA and protein targets. The idea of bringing multiple tissue specimens into a single slide is not new (Battifora, 1986) , but this technology uses a different sampling approach maximizing the number of parameters that can be analysed from each specimen and providing a higher level of sophistication. The first paper about tissue microarray described the potential of this technology to detect six gene amplifications as well as p53 and estrogen receptor expression in breast cancer (Kononen et al., 1998) . So far, typical tissue microarray technologies include multitumor microarrays, progression, prognosis and cryomicroarrays.
A multitumor microarray is composed of samples from multiple histological tumor types. The first example is the study of Schraml et al. (1999) , which used a tissue microarray containing 397 samples from 17 different tumor types. The authors used this array technology to screen for amplifications of the oncogenes CCND1, MYC and HER2 by FISH analysis and found high concordance with the previous literature.
Progression microarray contains samples of different stages of tumor progression within a given organ such as the breast, kidney or prostate (Kononen et al., 1998; Bubendorf et al., 1999a,b; Moch et al., 1999) .
Prognosis microarrays contain tumor samples from patients for whom clinical follow-up data are available. Several studies comparing molecular data with clinical end points have been published Barlund et al., 2000a,b; Richter et al., 2000; Kallioniemi et al., 2001; Simon et al., 2001 Simon et al., , 2002 Torhorst et al., 2001) . The published studies have confirmed or newly discovered a prognostic significance of estrogen receptor, progesterone receptor, p53, HER2 and S6-kinase expression/amplification in breast cancer; cyclin E amplification/overexpression and Ki67 labeling index in urinary bladder cancer and vimentin expression in kidney cancer. In several studies, multiple samples from each tumor were analysed in four replicas Simon et al., 2001; Torhorst et al., 2001) . Interestingly, all associations with prognosis were always identified on each individual replica, suggesting that most associations between molecular changes and clinical end points may be detected on tissue microarrays containing just a single specimen per tumor.
Frozen tissues are superior to formalin-fixed tissues in terms of RNA and protein integrity. Many antibodies that do not work in formalin-fixed tissues work readily in frozen tissues. One approach with cryomicroarray technology has been described by Fejzo and colleagues (Fejzo and Slamon, 2001 ). This array utilizes frozen tissues embedded in an optimal cutting temperature compound. Even if the number of specimens that can be analysed per array is lower than that with typical tissue microarrays, this 'cold' technology may overcome the limitations of other tissue microarrays. It may also be used for the analysis of tissues from which RNA is used for DNA microarray, allowing a direct comparison of gene expression profiles obtained from both technologies. Owing to the novel character of this technology, more studies are necessary to standardize and optimize the quality of this array.
Owing to the small size of the arrayed samples, some authors have questioned whether the specimens are truly representative of the entire tumor. Several studies compared results obtained from tissue microarray analysis with results from the corresponding conventional large sections. It was demonstrated that the tissue microarray generally works well and that it can be further enhanced if multiple tissue punches of every sample are included (Sallinen et al., 2000; Hoos et al., 2001; Torhorst et al., 2001) . However, it must be kept in mind that large sections represent only a very small fraction of the whole tumor, and that tissue microarray may fully repeat the known associations between molecular alterations and tumor phenotype or clinical end points. Moreover, tissue microarrays are a population-level screening tool, and this technique was not designed to characterize every detail of a particular tumor tissue.
Proteome microarray
A complementary technology to DNA microarrays for monitoring gene expression is provided by proteomics, a term generally used to encapsulate the quantification of all proteins, the determination of their post-translational modifications and how these are dependent on cell state and environmental influences. Proteins are frequently functional molecules and therefore provide a better view to understanding gene function and reflecting the posttranscriptional regulation level. Some messengers are transcribed but not translated, and the number of mRNA copies does not necessarily reflect the number of functional protein molecules.
Proteome array-based methodologies have been divided into two classes based upon the nature of the arrayed molecules: proteins or protein-binding particles (DNA, RNA, antibody, ribozymes and modified binding proteins). These two types of proteome microarrays are named protein function array and protein-detecting array, respectively (Kodadek, 2001) . In protein function array, a large amount of protein is spotted on a solid support at a defined location and used to characterize either a molecular interaction or a biochemical activity. The protein-detecting array uses a set of protein ligands to analyse gene expression patterns indicative of the cellular state. To date, three different supports have been optimized: glass slides, pieces of polyacrylamide gel on glass slides and microwell plates.
A proteome microarray known as 'ProteinChip' was successfully applied to study head and neck, ovarian and prostate cancers (Senior, 1999; von Eggeling et al., 2000) . These studies revealed the involvement of proteins in carcinogenic processes and specifically identified cancer biomarkers. Knezevic et al. (2001) analysed protein expression in tissue derived from squamous cell carcinomas of the oral cavity through an antibody microarray approach. Using laser-capture microdissection to obtain total proteins from specific microscopic cellular populations, they found differential expression of multiple proteins in stromal cells surrounding and adjacent to regions of diseased epithelium that correlated directly with tumor progression of the epithelium. Paweletz et al. (2001) used an interesting reverse system of proteome microarray in which a pool of extracted proteins from a patient sample was printed onto a support, allowing biochemical screening of signaling pathways in prostate cancer.
A very recent study identified autoantibodies against a number of intracellular and surface antigens that were detectable in the sera from patients with different cancer types (Hanash, 2003) . Another approach for detecting tumor antigens that induce an immune response using a random peptide-library system was recently published (Mintz et al., 2003) .
Microarray diagnosis, screening and prognosis
The idea of using microarrays in cancer diagnosis was initially suggested by Khan et al. (1998) . It was then reinforced by a study by Golub et al. (1999) that distinguished between acute myeloid leukemia and ALL by gene expression profiles. It was encouraging that the diagnostic power of this technology was being demonstrated on a range of other cancers known to appear similar on routine histology. Khan et al. (2001) were able to correctly classify the four types of small round blue-cell tumors of childhood cancer samples, analysing the gene expression patterns of 83 samples and artificial neural networks. These four distinct categories often represent diagnostic dilemmas in clinical practice. Similarly, Gordon described a classifier of eight genes whose expression was capable of accurately distinguishing between malignant pleural mesothelioma and adenocarcinoma of the lung (Gordon et al., 2002) . Alizadeh identified two new subclasses of diffuse large B-cell lymphoma derived from different stages of B-cell maturation by gene expression profiling (Alizadeh et al., 2000) . Bittner identified two subclasses of cutaneous malignant melanoma that further showed distinct aggressive potential .
Another application of microarray technology is the identification of diagnostic markers through the screening of thousands of tested genes and then comparing gene expression profiles from normal, premalignant and malignant tissues from the same organ. For example, a comparison of gene expression profiles of prostate Advantages and limitations of microarray technology G Russo et al samples from different tissue types identified a-methylacyl-CoA racemase as a potential cancer marker (Zhou et al., 2002) . Another example is the comparison of gene expression patterns of blood samples from women with breast cancer versus healthy volunteers (Martin et al., 2001) . DNA arrays may also contribute to the diagnosis of metastases by identifying the tumor tissue origin (Khan et al., 1998; Giordano et al., 2001; Ramaswamy et al., 2001; Su et al., 2001) . These studies showed that metastases generally conserve the expression profile from the tissue of origin, thus suggesting the potential of technology to identify the tissue origin of unknown primary site carcinoma. Another advantage of microarray technology is the identification of gene sets associated with metastasis or response to treatment. In a recent study, Zajchowski identified 24 genes differentially expressed between weakly and highly invasive breast cancer cell lines and showed that their RNA expression profiles were sufficient to predict the aggressiveness of previously uncharacterized cell lines. Other studies have demonstrated correlations between gene expression patterns and chemosensitivity profiles from a panel of NCI60 cancer cell lines to hundreds or thousands of tested chemical compounds (Scherf et al., 2000; Staunton et al., 2001) . Retrospective studies on pretreatment tissue samples have suggested the utility of gene expression profiles in the prognostic classification of solid tumors (Garber et al., 2001; Sorlie et al., 2001; Takahashi et al., 2001; Ahr et al., 2002; Beer et al., 2002; Bertucci et al., 2002; Singh et al., 2002; van't Veer et al., 2002) and hematological malignancies (Alizadeh et al., 2000; Devilard et al., 2002; Hofmann et al., 2002; Rosenwald et al., 2002; Shipp et al., 2002) . Most of these studies analysed lymphomas and breast cancers. A very encouraging study was performed on DLBCL from 40 patients treated with anthracycline-based chemotherapy (Alizadeh et al., 2000) . The tumors with a gene expression profile close to that of germinal center B cells had a significantly better survival than the tumors with expression patterns corresponding to activated B cells. This prognostic stratification was confirmed and refined by a study of 240 DLBCL samples (Rosenwald et al., 2002) .
Comparing the lists of identified genes in several published breast cancer studies (Sorlie et al., 2001; Ahr et al., 2002; Bertucci et al., 2002; van't Veer et al., 2002) , 26 genes can be found in at least in two lists, despite the different methodologies. Some of these genes have a known prognostic value, while others are new candidates for novel therapeutic targets. Using these strategies, the number of genes needed to diagnose a disease can be narrowed down to only those that act as clear indicators of that disease state.
One tumor one microarray
With the capacity to evaluate thousands of genes and/or proteins in a single experiment by using microarray technology, the potential of this approach in clinical research is enormous. Recently, different groups have begun to develop sophisticated molecular classifiers for a broad range of human cancers Giordano et al., 2001; Ramaswamy et al., 2001; Su et al., 2001; Agrawal et al., 2002) . Currently, microarray technology is being used to derive gene expression profiles that predict the accurate tissue origin of a particular tumor. For the first time, it is possible to make the diagnosis of a particular cancer and cancer subsets, without examining the histology. This technology may not only eliminate the diagnostic category of the unknown primary cancer, but may also improve the diagnostic accuracy of current approaches by using immunohistochemical analyses combined with classic histopathological techniques. Moreover, it is now possible to predict clinical outcome on the basis of gene expression patterns (Bhattacharjee et al., 2001; Takahashi et al., 2001; Shipp et al., 2002) . The microarray technology will be applied clinically to predict accurate diagnosis, prognosis and possibly even therapeutic options. It may even be possible to predict which patients will actually benefit from extirpative surgical procedures. Finally, gene expression signatures may be used to predict the clinical response to both conventional and targeted therapeutics.
Limitations, conclusions and future directions
While microarray technology represents a wonderful opportunity for clinical research, significant issues must be considered. Although microarray-related studies can monitor global changes in gene expression, these studies are limited by access and cost. Since microarray experiments need the physical disruption of a cell to gain access to its gene expression patterns; this technology can be considered as an example of 'destructive testing'. There is also a lack of rigorous standards for data collection, analysis and validation. These technical aspects are the 'Achilles' heel' of current microarray technology.
The quality and amount of RNA remains a major challenge in the microarray experiments. The amount of obtained tissue and the complexity of the tissue sample itself limit the quality and quantity of RNA that can be isolated. Therefore, clinical studies that are published using the microarray approach are performed in settings where biological samples are abundant and easily obtainable. Processing tissue rapidly to maintain RNA integrity is crucial. False microarray data can be generated from degraded mRNA. Owing to the numerous error-prone steps in microarray experiments, the experiments need to be replicated in order to eliminate sources of error. Most human tissue samples are a mixture of different cell types. Therefore, changes in gene expression patterns, when comparing two different tissue biopsy samples, are a manifestation of all the cell types present in that sample. This issue can render the analysis inaccurate. Methods such as laser capture microdissection, which permits the isolation of specific cells, can be useful but still are limited technologically (Simone et al., 1998; Brail et al., 1999; Luo et al., 1999; Best and Emmert-Buck, 2001 ). Furthermore, the small size of many clinical specimens from early diagnoses is another critical problem. Efforts are under way to reduce the amount of sample required for analysis. Most microarray platforms work with a few micrograms of mRNA, except for nylon microarrays, which use only a few nanograms of nucleic acid . One possible solution is to amplify the mRNA sample using linear amplification methods before labeling (Luo et al., 1999) . More challenges need to be faced such as the modification of cell-based technologies into single-cell platforms, permitting a more natural approach to biological research.
An additional limitation of this technology is that each microarray can only provide information about the genes that are included on the array. Another goal will be the miniaturization and integration of the microarray technology into single pieces of equipment that are easy to use.
Different studies in gene expression profiling of tumor samples have revealed the great transcriptional heterogeneity of cancer. Altogether, they have shown the advantages of the microarray to discriminate between RNA expression levels of different genes. Furthermore, among classically indistinguishable tumors, these studies have allowed the classification of new clinically and biologically important subclasses that may represent different diseases requiring different strategies. However, technical limitations must not be ignored. One of the key factors that will eventually determine the future success of the microarray is standardization, not only in an experimental sense but also in a computational sense. Significant advances have been made toward introducing standardization criteria, but so far researchers have not successfully compared results from different laboratories using different microarray technologies. Nevertheless, the recent advances in gene expression profiling technology and the important contributions of microarray technology to cancer research (the detection of new tumor markers, the capacity for predicting the survival of patients with breast cancer, lung cancer, brain cancer and acute lymphocytic leukemia), have now made it possible to suggest that within this decade this technology will be routinely used in cancer diagnosis and for monitoring desired and adverse outcomes of therapeutic interventions. A new era is beginning in which the integration of large data sets (biochemical, histological and molecular) has given birth to the concept of systems biology, a new multidisciplinary approach to accurately determine diagnosis, prognosis and effective treatment regimens for each patient. The challenges of translating the benefits of sequencing the human genome to clinical medicine will require the combined help of molecular biologists, pathologists, surgeons, chemists, mathematicians and computer scientists to be successful. Currently, the use of microarray technology in cancer research is limited by the tissue sample, available arrays and the analysis of data generated from this technology. Clinical use of microarray technology is still in its infancy. In the not too distant future, advancing automation in microarray analysis will largely expand the use of this technology in cancer investigation, ultimately leading to improvements in developing rational approaches to therapy as well as to improvements in diagnosis and prognosis of cancer.
